Background: Acute treatment with subanaesthetic doses of NMDA receptor antagonists, such as ketamine, provides a translational model with relevance to many of the symptoms of schizophrenia. Previous studies have focused specifically on the prefrontal cortex (PFC) because this region is implicated in many of the functional deficits associated with this disorder and shows reduced activity (hypofrontality) in schizophrenia patients. Chronic NMDA antagonist treatment in rodents can also induce hypofrontality, although paradoxically acute NMDA receptor antagonist administration induces metabolic hyperfrontality. Methods: In this study, we use 2-deoxyglucose imaging data in mice to characterize acute ketamine-induced alterations in regional functional connectivity, a deeper analysis of the consequences of acute NMDA receptor hypofunction. Results: We show that acute ketamine treatment increases PFC metabolic activity while reducing metabolic activity in the dorsal reticular thalamic nucleus (dRT). This is associated with abnormal functional connectivity between the PFC and multiple thalamic nuclei, including the dRT, mediodorsal (MDthal), and anteroventral (AVthal) thalamus. In addition, we show that acute NMDA receptor blockade alters the functional connectivity of the serotonergic (dorsal raphe [DR]), noradrenergic (locus coeruleus [LC]), and cholinergic (vertical limb of the diagonal band of broca [VDB]) systems. Conclusions: Together with other emerging data, these findings suggest that the reticular nucleus of the thalamus, along with the diffusely projecting subcortical aminergic/cholinergic systems, represent a primary site of action for ketamine in reproducing the diverse symptoms of schizophrenia. Our results also demonstrate the added scientific insight gained by characterizing the functional connectivity of discrete brain regions from brain imaging data gained in a preclinical context.
Background: Acute treatment with subanaesthetic doses of NMDA receptor antagonists, such as ketamine, provides a translational model with relevance to many of the symptoms of schizophrenia. Previous studies have focused specifically on the prefrontal cortex (PFC) because this region is implicated in many of the functional deficits associated with this disorder and shows reduced activity (hypofrontality) in schizophrenia patients. Chronic NMDA antagonist treatment in rodents can also induce hypofrontality, although paradoxically acute NMDA receptor antagonist administration induces metabolic hyperfrontality. Methods: In this study, we use 2-deoxyglucose imaging data in mice to characterize acute ketamine-induced alterations in regional functional connectivity, a deeper analysis of the consequences of acute NMDA receptor hypofunction. Results: We show that acute ketamine treatment increases PFC metabolic activity while reducing metabolic activity in the dorsal reticular thalamic nucleus (dRT). This is associated with abnormal functional connectivity between the PFC and multiple thalamic nuclei, including the dRT, mediodorsal (MDthal), and anteroventral (AVthal) thalamus. In addition, we show that acute NMDA receptor blockade alters the functional connectivity of the serotonergic (dorsal raphe [DR]), noradrenergic (locus coeruleus [LC]), and cholinergic (vertical limb of the diagonal band of broca [VDB]) systems. Conclusions: Together with other emerging data, these findings suggest that the reticular nucleus of the thalamus, along with the diffusely projecting subcortical aminergic/cholinergic systems, represent a primary site of action for ketamine in reproducing the diverse symptoms of schizophrenia. Our results also demonstrate the added scientific insight gained Introduction Schizophrenia is a chronic psychiatric disorder characterized by positive symptoms (eg, hallucinations), negative symptoms (eg, blunted affect), and cognitive deficits (eg, executive functioning and memory). Schizophrenia involves dysfunction in a diffuse network of brain regions, including the prefrontal and temporal cortices, hippocampus, and thalamic areas 1 (and supplementary references *S1, *S2). Arguably, the main focus of attention has been the prefrontal cortex (PFC), where converging metabolic, neurochemical, and behavioral evidence support impaired function in the disease. Reduced PFC metabolism (hypofrontality) in chronically ill patients 2 (and supplementary references *S3, *S4), reduced levels of gamma amino butyric acid (GABAergic) interneuron markers (eg, parvalbumin [PV]) detected postmortem 3 (and supplementary references *S5, *S6), and deficits in PFC-dependent cognitive tasks 4 (and sup plementary references *S7, *S8) all imply that the PFC is one of the most affected brain regions in schizophrenia.
While the molecular basis of schizophrenia is incompletely understood, compelling evidence supports a role for NMDA receptor (NMDAR) hypofunction. Both acute and repeated exposure to NMDAR antagonists can induce schizophrenia-like symptoms in humans 5 (and supplementary references *S9, *S10) and acute administration of the NMDAR antagonist ketamine exacerbates symptoms in schizophrenic patients 6 (and supplementary references *S11, *S12). Furthermore, in preclinical studies, NMDAR hypoactivation induces behavioral deficits with translational relevance to schizophrenia. In rodents, acute NMDAR blockade induces deficits in prepulse inhibition 7 (and supplementary references *S13, *S14), memory 8 (and supplementary reference *S15), social interaction, and behavioral flexibility 9, 10 (and supple mentary references *S16-*S20) that show similarities to the symptoms of schizophrenia. Furthermore, repeated exposure of rats to the NMDAR antagonist phencyclidine (PCP) induces cognitive deficits, along with alterations in brain function and neurochemistry, that parallel those seen in schizophrenia 7, [9] [10] [11] [12] (and supplementary reference *S21).
Numerous clinical and preclinical studies have been dedicated to elucidating the effect of acute NMDAR blockade on brain functioning 13 (and supplementary references *S22-*S29). However, there is still uncertainty concerning the mechanisms through which NMDAR antagonists produce a schizophrenia-like syndrome. The prevailing view is that they act primarily in the PFC, blocking tonically active NMDARs on GABAergic interneurons that suppress pyramidal neuron output. This reduces GABAergic output resulting in the disinhibition of pyramidal neuron firing, which in turn increases PFC-thalamic circuit activity and PFC glutamate release, leading to PFC hypermetabolism and impaired functioning 14 (and supplementary reference *S30). The paradox this creates considering the hypofrontality characteristic of long-term schizophrenia has not been resolved. Equally, NMDAR antagonist infusion into the PFC can not mimic their ability to increase PFC glutamate release when administered systemically 15 (and supplementary references *S31, *S32), suggesting that a primary site of action lies outwith the PFC.
The insight gained from preclinical studies of the effect of acute NMDAR blockade on brain function has been limited by the reductionist approach used, considering only overt alterations in functioning in discrete brain regions of interest (RoI). The analysis of functional brain imaging data gained in a preclinical setting is lagging behind that of clinical data, where the benefit of applying functional connectivity analysis has long been recognized 16 (and supplementary references *S33-*S35). In this context, the ability to determine the functional interactions between brain regions provides a more holistic appreciation of the actions of interventions on neural circuitry. Our recent studies using functional connectivity analysis in preclinical models have demonstrated the added insight gained when taking such an approach. 10 Here, we characterize the impact of an acute subanaesthetic dose of ketamine on brain function in mice by using 14 C-2-deoxyglucose autoradiographic imaging. We not only consider ketamine-induced alterations in overt regional metabolism but also alterations in regional functional connectivity, to provide greater insight into the nature of ketamine-induced alterations in brain functioning that have translational relevance to schizophrenia.
Methods

Animals
All experiments were completed using male C57BL/6J mice (aged 8-9 wk, Harlan-Olac Ltd), group housed (5-6 per cage) under standard conditions (21°C, 45%-65% humidity, 12-h dark/light cycle [lights on 0600 h]). Experiments were carried out in compliance with the Animals (Scientific Procedures) Act 1986. Access to food was restricted 4-5 hours prior to 14 C-2-deoxyglucose ( 14 C-2-DG) imaging to obviate the potential influence of ketamine on plasma glucose levels.
Semi-Quantitative 14 C-2-Deoxyglucose Autoradiographic Imaging
Local cerebral glucose utilization (LCGU) was determined 1 minute after treatment with 30 mg.kg �1 ketamine (Sigma-Aldrich; in 2 ml kg �1 saline, interperitoneally [i.p.], n = 9) or physiological saline (2 ml kg �1 , i.p., n = 9) in accordance with published protocols 10 (and supplementary reference *S36). The subanaesthetic dose of ketamine used in this study was based on that used in similar preclinical brain imaging studies (supplementary references *S24, *S26, *S27, *S37, *S38). Mice were injected with 4.625 MBq kg �1 of 14 C-2-DG (Perkin-Elmer) over 10 seconds before being returned to their home cage. Forty-five minutes after isotope injection animals were decapitated and a terminal blood sample collected by torso inversion. The brain was dissected out then frozen in isopentane (�40°C) and stored at �80°C until sectioning. Blood samples were centrifuged to separate the plasma and aliquots were removed for the determination of plasma glucose (10 ll) and 14 C (20 ll) concentrations by semiautomated glucose oxidase assay (Beckman) and liquid scintillation analysis (Packard), respectively.
Frozen brains were coronally sectioned (20 lm) in a cryostat (�20°C). Three consecutive sections were retained from every 60 lm, thaw mounted onto slide covers and rapidly dried on a hot plate (70°C). Autoradiograms were generated by apposing these sections, along with 14 C-standards (40-1069 nCi g �1 tissue equivalents; Amersham International) to X-ray film (Kodak, SB-5) for 5 days. Autoradiographic images were analyzed by computer-based image analysis (MCID/M5þ). The local isotope concentration for each RoI was derived from the optical density of autoradiographic images relative to that of the coexposed 14 C standard. Sixty-four anatomically distinct RoI were measured with reference to a stereotactic mouse brain atlas (supplementary reference *S39). LCGU in each RoI was determined because the ratio of 14 C present in that region relative to the average 14 C concentration in the whole brain of the same animal, referred to as the 14 C-2-DG uptake ratio. Whole brain average 14 C levels were determined as the average 14 C N. Dawson et al. concentration across all sections in which a RoI was measured.
Data Analysis
Statistical Analysis of Ketamine-Induced Alterations in Overt Regional Metabolism. In keeping with previous studies, the significance of overt LCGU differences between experimental groups in discrete RoI were assumed to represent independent variables (supplementary reference *S40). Significant overt alterations in LCGU between groups were analyzed by t test, as were the plasma variables for animals involved in the study (see online supplementary table S1). Significance was set at P < .05.
Functional Brain Connectivity Analysis Using PLSR. Ketamine-induced alterations in RoI functional connectivity were considered using partial least squares regression (PLSR). The application of the PLSR algorithm to 14 C-2-DG data and its interpretation has been previously outlined, 10 and the algorithm is discussed in detail in Wold, 1995 (supplementary reference *S41) and Wold et al., 2001 (supplementary reference *S42). Data were analyzed using the PLSR module in XLSTAT 2010 (Addinsoft). PLSR is widely applied in human neuroimaging to determine the connectivity of brain regions to a defined ''seed'' region 16 (and supplementary references *S43-*S46). We take a similar approach in this study where only selected ''seed'' regions, in which ketamine induced a significant overt alteration in LCGU, are considered. In this way, ketamine-induced alterations in PFC connectivity were considered by determining the functional connectivity of the anterior prelimbic (PrL) and medial prelimbic (layer 2, mPrL2) cortex. The functional connectivity of the dorsal reticular (dRT), mediodorsal (MDthal), and anteroventral (AVthal) thalamus were considered when investigating ketamine-induced alterations in thalamic connectivity. Ketamine-induced alterations in the connectivity of the serotonergic (5-HT), noradrenergic (NA), and cholinergic (ACh) neurotransmitter systems were considered in terms of the functional connectivity of the dorsal raphe (DR), locus coeruleus (LC), and vertical band of broca (VDB), respectively. The functional connectivity of each ''seed'' region (dependent variable in the PLSR model) to all of the other RoI measured (explanatory variables; 63) was considered in terms of the variable importance to the projections (VIP) statistic. Within each experimental group and for each ''seed'' region, a significant functional connection between brain regions was considered to exist if the 95% CI for the VIP statistic exceeded 0.8 because this threshold denotes a considerable contribution of an explanatory variable to the dependent variable in PLSR models (supplementary reference *S42). The SD and CI for the VIP statistic were estimated by jackknifing. The significance of ketamine-induced alterations in functional connectivity (the VIP statistic) was analyzed using t test with Bonferroni correction for multiple comparisons. Significance was set at P < .05.
Results
Ketamine-Induced Alterations in Overt Regional Cerebral Metabolism
Representative pseudocolor autoradiograms showing ketamine-induced alterations in LCGU are shown in Figure 1 . Ketamine treatment produced both significant increases and decreases in LCGU on a region-dependent basis, in 30 of the RoI analyzed (table 1; figure 2 ). In particular, ketamine treatment induced hyperfrontality, an increased rate of metabolism in the PFC, an effect present in all subfields of the prelimbic (anterior [PrL] and medial [mPrL1, mPrL2, and mPrL3]) cortex. In addition, ketamine induced significant hypermetabolism in the entorhinal cortex (EC), hippocampal subiculum (Sub), nucleus accumbens core (NacC), substantia nigra pars compacta (SNC), and mamillary body (MB). While ketamine treatment did not significantly alter overt metabolism in the CA1 subfield of the hippocampus as a whole (all cell layers), ketamine did significantly increase cerebral metabolism in the ventral portion of CA1 subfield, thought to be the CA1 molecular layer (saline-treated: 1.09 6 0.03, ketamine-treated: 1.28 6 0.05, P < .01), as previously reported (supplementary reference *S25, *S28). To ensure consistent measurement across all hippocampal subfields, the functional connectivity of CA1, and all other hippocampal subfields, was defined by that of the whole subfield measure. In contrast to pronounced ketamine-induced hyperfrontality, ketamine treatment also induced significant widespread hypome- 
Ketamine-Induced Alterations Regional Functional Connectivity
Prefrontal Cortex. The functional connectivity of the anterior prelimbic (PrL) and medial prelimbic (layer 2 [mPrL2]) cortex were considered when characterizing ketamine-induced alterations in PFC connectivity because these showed significant hypermetabolism in ketamine-treated animals (table 1; figure 2 ). Ketamineinduced alterations in the connectivity of these regions are summarized in figure 3, and full data are shown in the online supplementary material (tables S2 and S3). Ketamine significantly increased the functional connectivity of these PFC subfields to the dRT but decreased their connectivity to other thalamic nuclei (AMthal, MDthal, CLthal, CMthal, VMthal, and Rh). In contrast, ketamine significantly increased the connectivity of these 2 PFC subfields to other PFC subfields (lateral orbital [LO], ventral orbital [VO], PrL, mPrL1, and mPrL3). In addition, ketamine treatment significantly increased the connectivity of these 2 PFC subfields to the DR, the primary source of 5-HT innervation to the PFC (supplementary reference *S47), the nucleus accumbens shell (NacS), and ventral lateral lemniscus (VLL). By contrast, ketamine significantly decreased the connectivity of these PFC subfields to the lateral habenula (LHab).
Thalamic Nuclei. The functional connectivity of the dRT, AVthal, and MDthal were considered when characterizing ketamine-induced alterations in thalamic connectivity because ketamine induced significant hypometabolism in these nuclei (table 1; figure 2 ). Ketamineinduced alterations in the connectivity of these regions are summarized in figure 4 , and full data are shown in the online supplementary material (tables S4-S6).
Ketamine treatment significantly increased the coupling of the dRT to multiple PFC subfields (VO, DLO, PrL, mPrL1-3, and IL) and other cortical regions (cingulate [Cg1], primary motor [M1], and piriform [Piri]). In contrast, the coupling of the dRT to subcortical structures, including the central amygdala (CeA), substantia nigra pars reticulata (SNR), lateral lemniscus (DLL and VLL), and the raphe (DR and MR) was significantly decreased by ketamine treatment.
Ketamine treatment significantly decreased MDthal connectivity to the medial PFC (mPrL1 and mPrL2) and VLL. In contrast, MDthal coupling to Cg1, NacS, MR, and other thalamic nuclei (AMthal and VMthal) was significantly increased by ketamine treatment.
Ketamine treatment significantly attenuated the functional connectivity of the AVthal to other thalamic nuclei (AMthal and vRT), the RSC, and MR. In contrast, ketamine significantly increased AVthal functional connectivity to the septum/diagonal band of broca system because these showed significant hypermetabolism in ketamine-treated animals (table 1; figure 2 ). Ketamineinduced alterations in the connectivity of these regions are summarized in figure 3, and full data are shown in the online supplementary material (tables S2 and S3). Ketamine significantly increased the functional connectivity of these PFC subfields to the dRT but decreased their connectivity to other thalamic nuclei (AMthal, MDthal, CLthal, CMthal, VMthal, and Rh). In contrast, ketamine significantly increased the connectivity of these 2 PFC subfields to other PFC subfields (lateral orbital [LO], ventral orbital [VO], PrL, mPrL1, and mPrL3). In addition, ketamine treatment significantly increased the connectivity of these 2 PFC subfields to the DR, the primary source of 5-HT innervation to the PFC (supplementary reference *S47), the nucleus accumbens shell (NacS), and ventral lateral lemniscus (VLL). By contrast, ketamine significantly decreased the connectivity of these PFC subfields to the lateral habenula (LHab).
Ketamine treatment significantly attenuated the functional connectivity of the AVthal to other thalamic nuclei (AMthal and vRT), the RSC, and MR. In contrast, ketamine significantly increased AVthal functional connectivity to the septum/diagonal band of broca system in ketamine-treated animals was considered in terms of DR, VDB, and LC connectivity, respectively. These regions showed significant hypometabolism in ketamine-treated animals (table 1; figure 2 ). Significant ketamine-induced alterations in the connectivity of these regions are summarized in figure 5 , and full data are shown in the online supplementary material (tables S7-S9). Ketamine treatment significantly enhanced the functional coupling of the DR to the PFC (LO, PrL, mPrL1, and mPrL2), nucleus accumbens (NacC and NacS), lateral lemiscus (DLL and VLL), and MR but significantly decreased DR coupling to the amygdala (CeA and meA) and thalamus (AMthal, CLthal, and CMthal).
In a similar way, the functional connectivity of the LC to the PFC (LO and mPrL2) was increased but connectivity to thalamic regions (AMthal and dRT) was significantly decreased by ketamine. In addition, LC connectivity to the dorsal tegmental nucleus (DTg) was significantly increased but connectivity to the LHab significantly decreased by ketamine treatment.
Ketamine treatment significantly enhanced the functional connectivity of the VDB to other components of the septal/ diagonal band of broca system (MS and LS) and striatum (DLST and ventromedial striatum [VMST]) but decreased VDB connectivity to the AMthal and LHab. Ketamineinduced alterations in the connectivity of the VDB to the PFC were complex, with both significant increases and decreases evident on a subfield-dependent basis.
Discussion
Here, we have shown that acute treatment with a subanaesthetic dose of ketamine alters the functional connectivity of prefrontal-thalamic circuitry and of multiple neurotransmitter systems. In addition, we identified ketamine-induced alterations in LCGU including PFC hypermetabolism (hyperfrontality) and thalamic hypometabolism. These alterations in LCGU and regional functional connectivity have translational relevance to brain dysfunction in schizophrenia.
Hyperfrontality in ketamine-treated animals reflects, in part, its ability to increase PFC pyramidal neuron activity 14, 15 (and supplementary references *S30-*S32, *S48). Here, we provide evidence for the first time of ketamine-induced hypofunction in the dorsal reticular thalamus (dRT) and of altered functional connectivity between the PFC and dRT, thereby providing new insight into the neurobiological mechanisms important in the NMDA-receptor hypofunction hypothesis of schizophrenia. The RT largely consists of GABAergic neurons (supplementary reference *S49) with a particularly high level of fast spiking PV positive GABAergic neurons (supplementary reference *S50). The RT is involved in both the top-down regulation of information processing, such as in attentional processing (eg, rapidly moving attention between external stimuli based on decisions made in the PFC) (supplementary reference *S51, *S52) and in bottom-up processing, including sensory gating 17 and sleep spindle generation. 18 Not only are these processes disrupted by NMDAR antagonists 19 (and supplementary references *S53, *S54) but they are also disrupted in schizophrenia 20 (and supplementary references *S55, *S56). The RT receives direct glutamatergic innervation from the PFC 21 (and supplementary reference *S57). Neurons from the RT send inhibitory GABAergic innervation to other thalamic nuclei, including the MDthal and AMthal 21 (and supplementary references *S58-*S60), that in turn innervate the PFC and send collaterals to the RT. Our finding of ketamine-induced dRT hypoactivity is intriguing given that NMDARs contribute to basal synaptic transmission in this region. For both prefrontal-reticular and thalamo-reticular afferents, NMDAR antagonists block a proportion of excitatory postsynaptic potentials under resting conditions 19 (and supplementary reference *S60). Tonic activity of NMDARs in the RT is further supported by recent evidence showing that NMDAR antagonists hyperpolarize RT neurons, 22 probably due to the presence of NMDARs containing the NR2C subunit, which show little voltage-dependent block at resting membrane potentials. Thus, ketamine-induced hypometabolism in the dRT likely represents the local inhibition of afferent glutamatergic drive mediated via NMDARs. The data also suggested that there is a weakening of thalamo-reticular connectivity, in contrast to a strengthening of prefrontal-reticular connectivity, after acute ketamine. This suggests that ketamine may preferentially block thalamo-reticular NMDAR stimulation. Indeed, there is evidence to support the presence of NR2C subunits at thalamo-reticular synapses (supplementary reference *S60). Hence, both overt changes in LCGU and functional connectivity support a rapid action of ketamine on the RT. Reduced and mistimed firing of dRT neurons will reduce inhibition of thalamic relay neurons, resulting in elevated thalamocortical firing which would contribute to PFC hypermetabolism ( figure 6 ). Ketamine may also act directly on PFC GABAergic interneurons to increase PFC metabolism, although a preferential action of NMDAR antagonists on these neurons is currently a matter of debate. 14, 23 However, our and other emerging data support the complementary concept that NMDAR antagonists can disrupt PFC function via a primary site of action in the RT. Evidence supporting this concept includes the observation that systemic but not PFC application of NMDAR antagonists increases PFC glutamate 15 (and supplementary references *S31, *S32). In addition, while decreased PV expression in the PFC is a robust characteristic of postmortem tissue from schizophrenia patients, repeated NMDAR antagonist administration reduces PV expression in the RT prior to that in the PFC. 24 Furthermore, electrophysiological phenomena generated by the RT (gamma oscillations and sleep spindles) are disrupted at an early stage in schizophrenia 25 (and supplementary references *S61, *S62), supporting RT dysfunction as an early event in the disorder. Hence, our results challenge the tacit assumption that NMDAR via NMDARs. The data also suggested that there is a weakening of thalamo-reticular connectivity, in contrast to a strengthening of prefrontal-reticular connectivity, after acute ketamine. This suggests that ketamine may preferentially block thalamo-reticular NMDAR stimulation. Indeed, there is evidence to support the presence of NR2C subunits at thalamo-reticular synapses (supplementary reference *S60). Hence, both overt changes in LCGU and functional connectivity support a rapid action of ketamine on the RT. Reduced and mistimed firing of dRT neurons will reduce inhibition of thalamic relay neurons, resulting in elevated thalamocortical firing which would contribute to PFC hypermetabolism ( figure 6 ). Ketamine may also act directly on PFC GABAergic interneurons to increase PFC metabolism, although a preferential action of NMDAR antagonists on these neurons is currently a matter of debate. 14, 23 However, our and other emerging data support the complementary concept that NMDAR antagonists can disrupt PFC function via a primary site of action in the RT. Evidence supporting this concept includes the observation that systemic but not PFC application of NMDAR antagonists increases PFC glutamate 15 (and supplementary references *S31, *S32). In addition, while decreased PV expression in the PFC is a robust characteristic of postmortem tissue from schizophrenia patients, repeated NMDAR antagonist administration reduces PV expression in the RT prior to that in the PFC. 24 Furthermore, electrophysiological phenomena generated by the RT (gamma oscillations and sleep spindles) are disrupted at an early stage in schizophrenia 25 (and supplementary references *S61, *S62), supporting RT dysfunction as an early event in the disorder. Hence, our results challenge the tacit assumption that NMDAR antagonists promote a schizophrenia-like state by acting principally in the PFC. Instead, they suggest that the ability of NMDAR antagonists to suppress RT activity may contribute to their ability to model many of the symptoms of schizophrenia. This hypothesis clearly warrants further systematic investigation. In this study, we have systematically characterized the effects of ketamine on LCGU in a wide range of thalamic nuclei and have shown significant ketamine-induced hypometabolism in multiple thalamic nuclei (dRT, AVthal, MDthal, and VLthal [table 1]). Previous semiquantitative 14 C-2-DG studies by Duncan's group (supplementary references *S37, *S27) have reported ketamine-induced increases in 14 C-2-DG uptake in the AVthal, but they did not examine the dRT and found no significant alteration in the MDthal. In contrast to previous semiquantitative 14 C-2-DG imaging (supplementary references *S24, *S27) and blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI) (supplementary reference *S38) studies, we found that RSC metabolism was not significantly increased by ketamine. One potential explanation for these disparities is that previous semiquantitative 14 C-2-DG studies have characterized the 14 C-2-DG signature over a short-time frame following tracer injection (5 min). Using a shorter time frame for the characterization of drug-induced alterations in LCGU may preclude the detection of significant reductions in LCGU because high residual levels of the unmetabolized tracer remain in the brain. More importantly, at shorter time frames, the 14 C-2-DG signal represents a composite of drug-induced alterations in both cerebral glucose utilization and blood flow (supplementary reference *S63) rather than glucose utilization alone. This is an important issue to consider in light of the ability of ketamine to induce pronounced alterations in cerebral blood flow (supplementary references *S64, *S65) and the ability of NMDAR antagonists to uncouple the relationship between cerebral blood flow and glucose utilization (supplementary references *S65, *S66). This mechanism may also contribute to the disparities between ketamine-induced alterations in brain functioning as detected by 14 C-2-DG and BOLD fMRI imaging (supplementary references *S26, *S38). Interestingly, isofluorane anesthesia is capable of completely ablating ketamine-induced alterations in LCGU as detected by 14 C-2-DG imaging, but BOLD responses appear to be maintained (supplementary reference *S26) suggesting that ketamine-induced alterations in the BOLD signal may involve effects on blood flow that are not necessarily coupled to cerebral metabolism. The ability of ketamine to modify the relationship between cerebral metabolism and blood flow requires further systematic investigation and has relevance to the interpretation of brain imaging techniques used to assess the impact of this drug on brain functioning. Despite localized disparities between the effects of ketamine on cerebral metabolism as detected previously by others using 14 C-2-DG and BOLD imaging, the majority of the overt alterations in metabolism detected in our study are similar to those previously reported.
In addition to ketamine-induced hypometabolism in thalamic regions, this is the first study identifying ketamine-induced hypometabolism and altered functional connectivity in multiple neuromodulatory regions (DR, LC, and VDB). Interestingly, both the LC and raphe express high levels of the NR2C NMDAR subunit (supplementary references *S67, *S68). Hence, overt hypometabolism in these regions is consistent with a direct effect of ketamine on these tonically active NMDARs. As alterations in LCGU largely reflect the metabolic demand of local synapses and not soma (supplementary references *S69, *S70), it is unlikely that hypometabolism in these regions directly reflects the activity of their projecting neurons. Rather, it might reflect the decreased activity of synaptic projections to these regions or that of local interneurons.
The enhanced connectivity of the DR to the PFC and nucleus accumbens and its reduced connectivity to the amygdala and thalamic nuclei suggest that 5-HT neurotransmission is profoundly altered during ketamine treatment. The enhanced connectivity of DR to the PFC and nucleus accumbens parallels, the observation that 5-HT levels are enhanced in these regions following acute NDMAR blockade 26 (and supplementary references *S71, *S72). The ability of ketamine to increase PFC 5-HT levels may contribute to its ability to induce PFC hypermetabolism, altered PFC connectivity, and to disrupt PFC-dependent cognitive processes. 5-HT may increase functional activity in the PFC via activation of 5-HT 2 receptors present on pyramidal cells, 27 by reducing their responsiveness to GABA 28 and also through increased glutamate release in the PFC, partially mediated by 5-HT 2A receptors. 29 Furthermore, enhanced raphe-PFC coupling may contribute to the functional dissociation of the PFC from that of innervating thalamic nuclei in ketamine-treated animals, particularly the dissociation of PFC-MDthal connectivity (figure 3) because neuronal activity in the PFC elicited by MDthal stimulation is attenuated by the stimulation of the raphe. 30 Interestingly, PFC 5-HT neurotransmission is directly implicated in many PFC-dependent cognitive processes disrupted by ketamine treatment including cognitive flexibility 31 (and supplementary reference *S73), attentional processing 32 (and supplementary reference *S74), and working memory. 33 Overall, our data suggest that altered 5-HT neurotransmission in the PFC may be an important mechanism by which ketamine disrupts cognitive functions relevant to schizophrenia. This is further supported by the observation that targeting 5-HT neurotransmission can restore NMDAR antagonistinduced alterations in behavior 34 (and supplementary reference *S75).
The enhanced connectivity of the LC to the PFC and decreased connectivity to discrete thalamic nuclei (AMthal and dRT) and the nucleus accumbens suggest that NA neurotransmission is disrupted by ketamine treatment. Enhanced LC-PFC connectivity (figure 5) is
